The hippocampal formation is a brain region noted for its plasticity in response to stressful events and adrenal steroid hormones. Recent work has shown that chromatin remodeling in various brain regions, including the hippocampus, is associated with the effects of stress in a variety of models. We chose to examine the effects of stress, stress duration, corticosterone administration, and fluoxetine treatment on the levels of hippocampal histone H3 methylation at lysines 4, 9, and 27, marks associated, respectively, with active transcription, heterochromatin formation, and transcriptional repression. We found that acute stress increased the levels of H3K9 tri-methylation (H3K9me3) in the dentate gyrus (DG) and CA1, while it reduced levels of H3K9 mono-methylation (H3K9me1) and H3K27 tri-methylation (H3K27me3) in the same regions, and had no effect on levels of H3K4 tri-methylation (H3K4me3). Seven days of restraint stress reduced levels of H3K4me3 in the CA1 and H3K27me3 in the DG and CA1, while increasing basal levels of H3K9me3. Chronic restraint stress (CRS) for 21 days mildly increased levels of H3K4me3 and reduced H3K9me3 levels in the DG. Treatment with fluoxetine during CRS reversed the decrease in DG H3K9me3, but had no effect on the other marks. These results show a complex, surprisingly rapid, and regionally specific pattern of chromatin remodeling within hippocampus produced by stress and anti-depressant treatment that may open an avenue of understanding the interplay of stress and hippocampal gene expression, and reveal the outlines of a potential chromatin stress response that may be diminished or degraded by chronic stress.
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brain ͉ chromatin ͉ corticosteroids ͉ fluoxetine T he hippocampus proper and the dentate gyrus comprise a brain region that is necessary not only for the formation of new declarative memories, but for emotional regulation, spatial processing, and neuroendocrine control (1) . The hippocampal formation is a brain region that is particularly subject to structural, functional, and neurogenic change in response to stress and stress-related diseases, such as depression and posttraumatic stress disorder (PTSD) (1-3). Many of these alterations are mediated by changes in gene transcription, some of which may be quite persistent. At present, the genetic and epigenetic mechanisms by which an acute stressor induces PTSD or chronic stress leads to depression are incompletely understood. Further, an understanding of the temporal checkpoints which mark the transition from a stress to which an organism can adapt homeostatically, to one which it must adapt allostatically (i.e., adaptation through change) (4) , is important in comprehending how stress produces brain plasticity and pathology.
Epigenetic information, defined as inherited states of gene activity not based on changes to the underlying DNA sequence, is established at least in part by alterations of the protein/DNA complex termed chromatin. The fundamental unit of chromatin is the nucleosome, which consists of DNA tightly associated with histone proteins. Recent work in the field of chromatin biology has established that covalent modifications of these histone proteins represent an intricate ''histone code'' that can influence chromatin structure and gene transcription (5) . It has recently been suggested that neuronal plasticity may be controlled in part by such chromatin-remodeling events (6) , and a number of studies have implicated chromatin modification in models of stress, memory, drug abuse, and depression (7) (8) (9) (10) .
The core histones of the nucleosome, H2A, H2B, H3, and H4 are subject to a variety of modifications to their tail regions, including acetylation, phosphorylation, ubiquitinylation, and methylation (5). In the hippocampus, evidence that histone modifications might play a significant role in the function of the structure came from the work of Weaver (11), who showed that differences in maternal behavior produced differences in the behavior of offspring, and that this difference was associated with changes in histone acetylation, and could be blocked by a histone deacetylase inhibitor. Subsequent work has connected acetylation of histone H4 (12) and acetylation, phosphorylation and methylation of H3 in the hippocampus with stress (13) (14) (15) . Histone lysine methylation, unlike acetylation, for example, is remarkable for the site specificity of its associated machinery and its ability to recruit specific effector protein complexes (16) (17) (18) .
Stress, particularly chronic stress, has a number of effects on the structure and function of the hippocampal formation. In humans, single severe acute stressors can result in posttraumatic stress disorder, while chronic stress can contribute to depression and a number of other chronic disease states; these disorders are associated with smaller hippocampal volumes (1, 2, 19) . In animal models, chronic stress reduces hippocampal neurogenesis (20) and the complexity of dendritic arbors (21) (22) (23) as well as impairing function in assays of hippocampal dependent spatial memory and LTP (19, 24) . Many of these changes can be blocked pharmacologically with anti-depressant drugs such as fluoxetine (25) (26) (27) (28) .
The hippocampus' susceptibility to stress is in part mediated by the fact it expresses high levels of receptors for corticosteroids (29) . The hippocampus also appears to express a larger number of the enzymes responsible for chromatin remodeling than other brain regions (Allen Brain Atlas: http://www.brain-map.org/) and corticosteroid receptors have been shown to associate with a number of them (30, 31) . It is, therefore, likely that the hippocampus will prove to be a region which is as plastic in terms of chromatin remodeling as it is in other respects. We chose to examine the methylation of histone H3 at lysines 4, 9, and 27, based on the diversity in apparent function of these marks (18) . Tri-methylation of histone H3 K4 (H3K4me3) is consistently associated with the promoters of genes that are transcriptionally ''on'' (18, 32, 33) . Tri-methylation of histone H3 K9 (H3K9me3), however, is associated with heterochromatin formation and gene silencing (18) , while tri-methylation of H3 K27 (H3K27me3) has been associated with developmental repression of gene transcription (18, 34) . Here, we examine the effects of stress, stress duration, and the anti-depressant fluoxetine on a sample of histone H3 methyl marks in the hippocampus and show a pattern of changes remarkable for their rapidity, magnitude, and regional specificity.
Results
We found that immunoreactivity for the histone marks examined was largely restricted to the granule cell and pyramidal cell layers of the hippocampal formation, although in the case of the H3K9me3 antibody, some immunoreactivity was found in the neuropil (see Fig. 2D below). All measurements were taken from the granule or pyramidal cell layers.
Acute Restraint Stress. To assess the effects of acute stress on histone H3 methylation, we subjected rats to acute restraint stress and examined global levels of trimethylation at K4, K9, and K27, as well as mono-methylation at K9 (antibodies for monomethylated K4 and K27 were not reliable for immunocytochemistry). Acute restraint stress produced no detectable change in levels of the transcriptionally active mark H3K4me3 immunoreactivity in the hippocampal formation (Fig. 1) . It did, however, produce a 73% increase in the repressive, heterochromatin associated mark, H3K9me3 levels in the CA1 (Ϯ16%, P Ͻ 0.05, n ϭ 7) (Fig. 2B ) and DG (115 Ϯ 16%, P Ͻ 0.003, n ϭ 7) (Fig.  2 A) . No change in H3K9me3 levels was observed in the CA3 after acute stress (Fig. 2C ). We also measured H3K9me1 levels, as a control for the observed changes in H3K9me3, after acute stress treatment and found a 44% decrease in mono-methylation in CA1 (Ϯ18%, P Ͻ 0.05, n ϭ 5) (Fig. 3B ) and DG (54 Ϯ 16%, P Ͻ 0.005, n ϭ 5) (Fig. 3A) . Levels of the repressive mark, H3K27me3 decreased by 45% (Ϯ21%, P Ͻ 0.03, n ϭ 5) (Fig. 4B ) in the DG and 53% (Ϯ13%, P Ͻ 0.005, n ϭ 5) (Fig. 4B ) in the CA1, and was not significantly altered in the CA3 (Fig. 4C ).
Subchronic 7-Day Restraint Stress. Much like acute restraint, 7 days of repeated restraint had little significant effect on H3K4me3 levels (Fig. 1) . Only in the CA1 (Fig. 1B) was there a main effect of treatment [P Ͻ 0.05, F (3, 16) ϭ 3.393]. Although no significant group differences were observed, there is a mild decline in the 7-day groups. In contrast to acute stress, basal levels of H3K9me3 immunoreactivity were 49% higher (Ϯ12%, P Ͻ 0.05, n ϭ 7) after 6 days of stress and reduced 40% (Ϯ4%, P Ͻ 0.05, n ϭ 7) from the 7 day basal level by the seventh day of stress. Levels of H3K27me3 were reduced 62% (Ϯ9%, P Ͻ 0.5, n ϭ 5) (Fig. 4A) in the dentate gyrus after 6 days of acute stress (7-day basal group), and the levels remained low after 7 days, with no significant reduction from subsequent stress (7-day stress group). No effect was observed in the CA1 or CA3 (Fig. 4 B 
and C).
Chronic Restraint Stress (CRS) and Fluoxetine Treatment. We also examined the effects of CRS and CRS coupled with fluoxetine treatment, which has been shown to reduce or block some of the effects of CRS on the hippocampus, on histone H3 methylation. Both CRS [24%; Ϯ3%; df ϭ 3,23; F (2, 30) ϭ 6.743; P Ͻ 0.05; n ϭ 6] and CRS with concurrent fluoxetine [22%; Ϯ6%; df ϭ 3,23, F (2, 30) ϭ 6.743, P Ͻ 0.05; n ϭ 6] produced a mild elevation Fig. 1 . Levels of H3K4me3 immunoreactivity in hippocampus from rats either unstressed (basal), after acute stress, 24 h after 6 days of stress (7-day basal) or 7 days of restraint stress in the DG (A), CA1 (B), and CA3 (C). in H3K4me3 in the DG (Fig. 5 ). There was a significant main effect of CRS on H3K9me3, which was decreased 15% [Ϯ8%, F (2, 30) ϭ 6.743, P Ͻ 0.004, n ϭ 8] in the DG by CRS and increased 30% (Ϯ8%, P Ͻ 0.05, n ϭ 8) (Fig. 6 ) by concurrent treatment with fluoxetine; no change was detected in other subregions of the hippocampal formation. In addition, no significant changes were observed in H3K27me3 levels after CRS or CRS with fluoxetine. These changes suggest modest transcriptional activation after 21-day chronic stress and more substantial transcriptional repression by fluoxetine.
Discussion
The hippocampus is a brain region particularly susceptible to the effects of stress, and, in addition, appears to be a region subject to significant amounts of chromatin modification. Previous studies have shown changes in covalent histone modification in a variety of models, including seizures (35), psychostimulant treatment (36), exercise (37) , and depression (13, 38) . Epigenetic mechanisms are now thought to be potential contributors both to normal cognitive processes and to a variety of neuropsychiatric diseases (7, 9, 39) . This study documents dramatic effects of acute stress and changes in three histone marks that are indicative of time dependent effects of repeated stress that are regionally localized within the hippocampal formation and suggest time-dependent changes in positive and negative effects on gene transcription.
A number of laboratories have shown interactions between stressors, the stress response, and histone modification. Chronic social defeat stress has been shown to alter acetylation and methylation of histones on the promoter regions of a number of genes in the nucleus accumbens (38, 40) and anti-depressant treatment in this model has been shown to reverse some of these effects. Acute stress has been shown to have an impact on histone acetylation and phosphorylation levels in the hippocampal formation (15, 41, 42) . It, therefore, seems that chromatin remodeling in the brain is likely to play a significant role in normal and pathogenic responses to stress and in the treatment of stressrelated diseases. The present study chose to examine the effects of stress and SSRI treatment on levels of methylation of histone H3. We selected the K4, K9, and K27 sites as they have been associated with increased transcription, heterochromatin formation, and transcriptional repression, respectively (5, 33, 43) , and as such, represent much of the functional range that histone methylation is thought to have with regard to the regulation of transcription.
We found that acute stress produced profound, rapid changes in the global levels of tri-methylation of histone H3 at lysines 9 and 27, but more minor changes at lysine 4. Chronic stress, on the other hand, produced only a small reduction in H3K9 tri-methylation and a small increase in the levels of H3K4 tri-methylation. These results are surprising given the magnitude and regional specificity of the changes, as well as the rapidity with which they occur after an acute stressor. It is also possible that there are significant changes occurring on a more gene specific level, but the fact that at least some methyl mark changes are detectable on a gross, whole-cell level is suggestive of a largescale reordering of chromatin in the cell in response to stress. Methyl marks have been thought to be relatively stable as compared to phosphorylation and acetylation of histones. Indeed, until relatively recently, there were no proteins with known histone de-methylase activity (44, 45) . However, recent studies have begun to show that they are as labile as other marks in proliferating cells (16) . Our findings suggest that, even in terminally differentiated neurons, methyl marks may also be subject to rapid change.
It is interesting that acute stress produced much larger changes in levels of H3K9me3 and H3K27me3 immunoreactivity than chronic stress. This suggests that acute stress induces much larger epigenetic and transcriptional changes than chronic stress, a supposition supported by experiments comparing gene expression after acute stress or corticosterone and CRS (46) (47) (48) (49) . This may be due to the habituation of the hypothalamic-pituitaryadrenal axis after chronic homotypic stress (21, 23) . That the direction of the change is different for the two marks is puzzling given that both are thought to be transcriptionally repressive. However, in some cases, the H3K9 mark can be associated with increased transcription when it is found in the coding region rather than the promoter region of a gene (50) . The change in H3K9me3 levels admits other potential explanations, given the role of this mark in heterochromatin formation (51, 52) ; it seems possible that the increase in this mark represents stress-induced facultative heterochromatin formation, perhaps via the KAP-1 pathway, which is present in the mammalian hippocampus and seems to play a role in the transcriptional response to stress in that region (53) .
We found that levels of H3K9me3 rose with acute stress and remained elevated after 6 days of stress (7-day basal condition), whereas chronic stress did not induce a significant change in H3K9me3 immunoreactivity. Also of interest was the fact that on the seventh day of stress, the ability of stress to elevate H3K9me3 has been lost, suggesting that the system may habituate to subsequent stress at some point between 1 and 6 days of repeated stress. Similarly, H3K27 tri-methylation declined with acute stress and remained low after 7 days, but showed no change after 21 days of CRS. Potentially, the loss of stress induced upregulation of K9 methylation, and down-regulation of H3K27me3 may contribute to chronic stress induced remodeling of the hippocampal formation, which is not evident until chronic stress accumulates for 21 days (54).
Antidepressant treatment has been shown to block many of the hippocampal sequelae of chronic stress (25) (26) (27) (55) (56) (57) , and therefore, we sought to determine if fluoxetine had a similar effect on histone H3 methylation. Chronic treatment with fluoxetine during CRS did produce elevated levels of K9 methylation. Consistent with observations of other stress-induced markers in humans and animal models, acute treatment with fluoxetine did not alter the levels of any of the three methyl marks we examined. Given that chronic, but not acute, fluoxetine treatment is associated with antidepressant effects, this finding suggests that histone H3 tri-methylation in response to stress may be an important factor in orchestrating the hippocampal response to stress and antidepressants.
The effects of high levels of chronic corticosterone produced small reductions in the levels of the H3K9me3 and H3K27me3, suggesting that chronic, high dose corticosteroids have an influence on chromatin structure, although of a lesser magnitude when compared to acute stress ( Fig. S1 and Fig. S2 ) Acute stress and acute corticosteroid treatment (SI Text) did not produce the same effect. Indeed no effect was observed from acute corticosterone treatment. It would appear, therefore, that the changes in histone marks we observe after acute stress are mediated by other neurochemical events, most likely either glutamate or catecholamines, both of which are elevated by acute stressors (58, 59) .
In summary, the effects of stress and fluoxetine on histone H3 tri-methylation, represent an aspect of the hippocampal response to stress which may represent an avenue of understanding how stress induces transcriptional and, by extension, structural and functional change in the hippocampus.
Methods
Animals. Adult male Sprague-Dawley rats were obtained from Charles River Laboratories at 70 days of age. Animals were housed two to three per cage (same-age cage mates) in clear polycarbonate cages with wood chip bedding. All animals were maintained on a 12-h light-dark schedule (lights on at 8:00 AM) and the temperature was kept at 21 Ϯ 2°C. All animals had ad libitum access to food and water. All procedures were carried out in accordance with the guidelines established by the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Acute Restraint Stress. Rats were stressed as below for 30 min, followed by a 45-min recovery in the home cage before sacrifice. All acute stress sessions were administered between 12:00 and 3:00 PM.
Seven-Day Restraint Stress. Rats were stressed daily for 7 days, for 30 min as above and killed 45 min after the last stress (stress), or immediately before the time of the last stress (7-day basal). All stress sessions were administered between 12:00 and 3:00 PM. For further detail on the acute and 7-day stress paradigms see (60) .
Chronic Restraint Stress and Fluoxetine Treatment. Animals were left undisturbed after arrival for 1 week. Stressed animals were restrained in wire mesh restrainers, secured at the head and tail ends with large binder clips. Chronic stress was administered for 6 h daily for 21 days from 10:00 AM to 4:00 PM. Fluoxetine (10 mg/kg) or vehicle (0.9% saline, 1 mL/kg) was injected s.c. immediately before restraint. Animals were returned to their home cages immediately after termination of the stressor. These animals were killed by deep anesthesia with pentobarbital (100 mg/kg) and perfused roughly 24 h after the last stress (i.e., between 1:00 and 4:00 PM).
Immunohistochemistry. All animals were killed by deep anesthesia with pentobarbital (100 mg/kg), followed by perfusion with 100 mL of heparinized saline then 200 mL of 4% paraformaldehyde. Brains were postfixed for 4 h in 4% paraformaldehyde before sinking in 30% sucrose and flash freezing on dry ice. Brains were stored at Ϫ80°C until they were cut into 40-m-thick sections which were then stored in cryoprotectant at Ϫ20°C before being processed for immunohistochemistry.
For the purposes of the experiments described here, 2-3 dorsal hippocampal sections per animal (selected from Ϫ3.1 to Ϫ3.8 mm caudal to bregma) were picked and processed together as follows: 40-m-thick brain sections were rinsed in 0.1 M Tris-saline (TS) 3 ϫ 10 min each. Blocked in 0.5% BSA (BSA) in 0.1 M TS, with 0.25% Triton X-100, for 30 min and then incubated in primary antibody for H3K4me3, H3K9me3, H3K9me1, or H3K27me3, (Millipore) at a dilution of 1:8,000 (H3K9me3 and H3K27me3), 1:2,000 (H3K9me1) or 1:30,000 (H3K4me3) overnight at 4°C in a solution of 0.1% BSA/0.25% Triton X-100 in 0.1 M TS. Tissue was rinsed in 0.1 M TS 3 ϫ10 Ϫ15 min each. Sections were then incubated with secondary antibody (biotinylated anti-rabbit) diluted 1:400 with 0.1% BSA in 0.1 M TS (25 L for each 10 mL) for 30 min at room temperature (RT). They were then washed in 0.1 M TS 3 ϫ 10 min before incubation in ABC reagent (Vector Labs) for 30 min at RT followed by three more 10 min TS washes. Sections were then rinsed before incubation in DAB (Sigma) for 6 min, followed by three brief TS washes and three brief washes in 0.1 M PB. Sections were then dehydrated in ethanol and xylenes before cover-slipping with DPX and densitometry.
Data provided by the manufacturer shows that each antibody was at least 1,000-fold more selective for their specific trimethylation vs. other H3 trimethyl marks. All antibodies were tested by blocking with their respective immunizing peptides to confirm their specificity. Immunoreactivity was also confirmed using Western blots.
Densitometry and Statistics. Densitometry was accomplished using MCID (Imaging Research) software and a light box with an attached CCD camera with a 60-mm Nikon lens. Two to three sections per animal were examined and each region was analyzed across its full length within each section (excluding transition zones between regions, e.g., CA1 subiculum) and, after subtracting background (we used the corpus callosum), the values for each region for each animal averaged to provide a single data point for that region and animal in relative optical density (arbitrary units). Data were then analyzed statistically using Graphpad Prism (Graphpad Software). Either ANOVA or Student's t test were used depending on the number of groups in the comparison. Tukey's test was used for post-hoc analysis of ANOVA results. A P value Ͻ0.05 was regarded as significant.
